Abstract: Urbanization poses severe threats to biodiversity; thus, there is an urge to understand urban areas and their biological, physical, and social components if we aim to integrate sustainable practices as part of their processes. Among urban wildlife groups, butterflies have been used as biological indicators due to their high sensitivity to environmental changes. In this study, we estimated the number of butterflies that live within a neotropical medium-sized city (Xalapa, Veracruz, Mexico) using a robust interpolation procedure (ordinary kriging). Our calculations added an average of 1,077,537 (± SE 172) butterfly individuals that dwelt in Xalapa in the surveyed space and time. The interpolation procedures showed to be robust and reliable, and up to some extent conservative. Thus, our results suggest that there are at least 1.8 butterfly individuals per capita in Xalapa. Notably, higher butterfly abundances tended to be recorded near highly vegetated areas and along city borders. Besides providing the basis for further ecological studies, our results will contribute to the crucial need of scientific data that is lacking, but critically important, for adequate urban management and planning, as well as environmental education.
Introduction
People have rapidly become concentrated in urban areas around the globe in the past decades [1] . Cities continue to expand as a response to the current economic dynamics that drive human population growth and migration towards urban areas [2] , implying disproportionate environmental demands related to the basic human needs (e.g., housing, food, health services, educational institutions) [3] . Urbanization poses important negative impacts on the biodiversity and habitats within and adjacent to urban areas [4] , which in some cases goes unnoticed [4, 5] . In fact, urbanization has been identified as one of the main drivers of species loss [6] . However, the specific impacts of urbanization on biodiversity can vary, often depending on the city's geographic location, size, and array of other physical, ecological, and social factors [7] . Thus, as urban areas sprawl, there is an urge to understand them in order to include sustainable practices as a part of their processes [8, 9] .
Ecological studies focused on urban areas have been developed around the globe, using different frameworks and approaches (e.g., urban-rural gradients, urban green areas, biological communities, species lists, ethology) [10] [11] [12] [13] [14] [15] . Some general patterns regarding the response of wildlife species to urbanization have emerged, at least for well-studied groups [7, 16, 17] . Two of the most generalized patterns are that species richness tends to decrease with urbanization, while the abundance of a few particular species tends to increase [7, 18, 19] . Such declines in species richness are not necessarily lineal, with some moderately developed areas showing higher richness when compared to highly and lowly urbanized sites [6, 20, 21] .
Highly charismatic organisms, such as birds and butterflies, are some of the most well-studied animal groups in urban areas [22] [23] [24] . In addition to their aesthetic value, which often generates positive appraisal from the public [25, 26] , butterflies are excellent indicators of environmental changes [27, 28] . Thus, knowledge related to butterflies and other wildlife groups could increase our comprehension of their responses to urbanization and help bridge the gap between scientific knowledge and management and planning strategies [29] .
In recent decades, butterflies in urban areas have gained attention from ecologists, with most publications centered on the study of ecological patterns (i.e., diversity, resource use, population dynamics, response to urban habitats and threats, landscape ecology, developmental biology, ethology, genetics; Lorena Ramírez-Restrepo and Ian MacGregor-Fors personal observation). Although some general patterns regarding the response of butterflies to urbanization have been identified [7, 25] , there is still a dearth of knowledge related to their ecology at citywide scales. In fact, only two previous studies have followed a citywide or regional approach to study the spatial ecology of butterflies in urban areas [30, 31] .
Based on the urgent need to generate data that can provide ecological bases for urban managers and planners, as well as environmental educators [32, 33] , we used a citywide approach to estimate the total number of butterfly individuals (Insecta: Lepidoptera; only considering Papilionoidea; referred to as butterflies hereafter) that dwelt in a medium sized neotropical city (Xalapa-Enriquez, referred to as Xalapa hereafter). For this, we used ordinary kriging, a geostatistical interpolation procedure that allowed us to generate a citywide estimate (Figure 1 ). 
Results and Discussion
Previous studies have shown that the city of Xalapa shelters an important number of butterfly species [20, 34] . As part of our surveys, we recorded 162 butterfly species and a total number of 3683 individuals. The ten most abundant species recorded in this study accounted for ~50% of the total individuals: (1 (10) Mechanitis menapis doryssus (100 individuals). It is noteworthy that these ten species are only found in the American continent, usually distributed between Central America and the southern United States of America [35] . Having recorded such a high proportion of individuals pertaining to only 10 species agrees with a previous study that reported 57% of the total butterfly abundance of a city to also be represented by 10 species [30] . In fact, such dominance is fairly common when studying the distribution of species abundances in biological communities [36] .
After performing interpolation procedures, we were able to estimate the number of butterfly individuals that dwelt in Xalapa in the surveyed space and time (circular model: 1,077,709; spherical model: 1,077,365; Figure 2 ). These estimates suggest that there are at least 1.8 butterfly individuals per capita in Xalapa. It is important to underline that this calculation is based on data of butterflies recorded in the surveyed space and time. Observed and interpolated butterfly abundances in the city of Xalapa using two different models (i.e., spherical, circular).
When we analyzed the observed and predicted butterfly values for the sampled sites, we found slight differences using both models (i.e., spherical, circular). We found an average difference of −1.22 (± SE 0.56) butterflies per survey site between the observed and predicted data for the circular model, where 47% of the predictions overestimated the observed values, while 53% underestimated them. Regarding the spherical model, we found an average difference of −1.16 (± SE 0.53) butterflies per survey between the observed and predicted data, where 47% of the predictions overestimated the observed values, while 53% underestimated them. It is noteworthy that we found strong and significant correlations between the observed butterfly abundance per sampling site and the differences between the number of observed butterflies and the predicted number of butterflies at each sampling site for both models (circular model: r = 0.85, p < 0.001; spherical model: r = 0.85, p < 0.001; Figure 3 ). These results show small differences between the observed and predicted number of butterflies in the surveyed space and time, with largest discrepancies of prediction in sites where we recorded a high number of butterflies in the field (>60; Figure 3) . Thus, our interpolation results show to be reliable and, up to some extent, conservative.
We found two distribution trends of butterfly abundances across the city. On the one hand, higher abundances had a tendency to be recorded and predicted near highly vegetated areas located in the southeastern part of the urban area (e.g., Parque Natura, Reserva El Tejar-Garnica) and along city borders (Figure 2 ). On the other hand, the lowest abundance values were recorded, in general, at highly developed urban areas (Figure 2 ). This pattern agrees with the only other two citywide butterfly surveys performed in Porto Alegre (Brazil) that report less butterfly abundance in the most intensely urbanized areas (i.e., building area) [30, 31] . Relationships between the observed number of butterflies at each survey site and the differences between observed and interpolated (predicted) butterfly abundances for both models (i.e., spherical, circular).
Further studies are needed to identify the drivers of butterfly abundance in the city. Based on previous knowledge, some potential variables to test are: spatial scale, vegetation composition, presence and abundance of nectar sources, host plants, distance to well-preserved habitat patches, distance to the urban center and border, temperature, humidity, and altitude [13, 20, 37, 38] . Future studies are also needed in order to assess butterfly biological traits, behavior, species richness, composition, and distribution patterns across the urban area, with comparisons between them and adjacent non-urban systems, if we are to achieve a complete picture of the response of butterflies to urbanization in Xalapa.
Although urban areas can pose severe threats on biodiversity [6, 7] , they currently house more than half of the total human population and an important proportion of both urban and non-urban decision makers [39] . We are convinced that generating basic ecological knowledge of a charismatic indicator group in a highly biodiverse city, such as Xalapa [40] , is an important first step if we aim to manage and plan urban areas integrating sustainable practices as part of their processes. Besides providing the basis for further ecological studies, our findings add to the need of scientific information required for adequate urban management and wildlife conservation goals. Environmental education and scientific outreach programs are crucial in urban areas, and they often depend on the information generated by rigorous scientific studies in order to raise awareness about the importance of biodiversity in cities. Undoubtedly, the more we understand about the biological diversity within urban areas, together with other physical and social components, the closer we will be to setting a balance between the quality of human life and our effects on biodiversity, following reconciliation ecology approaches [41] .
Materials and Methods

Study Area
Xalapa is the state capital and second largest urban area of Veracruz. Located in eastern-central Mexico (19°29′N-19°36′N, 96°51′W-96°58′W ; 1120-1720 m asl), Xalapa has a population of 597,256 inhabitants (including the three neighboring municipalities located within the urban continuum of Xalapa: Banderilla, Tlalnelhuayocan, Emiliano Zapata) [42] . In terms of human population, the number of inhabitants in Xalapa has grown importantly since the 1980s, with an average growth of ~110,000 inhabitants per decade [42] [43] [44] [45] . Its expansion has occurred, in general, without proper planning [46] , increasing linearly since the 1950s, with an average growth of 13.8 km 2 per decade [47] . For this study, we established the boundaries of Xalapa following [48] and an unpublished spatial procedure (Ian MacGregor-Fors personal observation). Briefly, we set the limits of the city by drawing (on-screen) the boundary between urban and non-urban areas on an up-to-date high-resolution satellite image. We then randomly set a 750 m × 750 m grid on the polygon of the city, considering all quadrat centroids as sampling sites. Later, in the field, we adjusted the position of each sampling site to the nearest public land where sampling was feasible (given that several points were originally set at unaccessible areas). The resulting number of sampling sites was 110, which was reduced to 106 due to security reasons at the periphery of the city (Figure 1 ). It is noteworthy that citywide surveys provide a representative sample of the physical, environmental, and socioeconomic variance of a city [10] ; however, as happens with large spatial-scale studies, sampling intensity is often compromised when considering single observer surveys to avoid potential biases [49] .
Butterfly Surveys
We surveyed butterflies in a 36 m radius circular area at each survey site, performing random walks for 30 min. To avoid potential multiple observer biases [49] , a single observer (Lorena Ramírez-Restrepo) visited all sampling sites once between August and October of 2013, when most butterfly species can be recorded as adults in the study area [34] . She carried out all of the surveys between 9:00-16:20 h, in days with no rain and with environmental temperatures >20 °C, which are the conditions for peak butterfly activity. She used entomological aerial nets and direct observations to record all butterflies in the surveyed space and time. She kept all captured butterflies in portable soft cages to decrease the probability of recounting individuals. At the end of each survey period, she released the identified captured individuals and collected those that remained unidentified as voucher specimens.
Data Analysis
We estimated the total abundance of butterflies of Xalapa in the surveyed space and time using ordinary kriging interpolation procedures (using GenStat [50] ). Briefly, kriging is a geostatistical method of interpolation that generates the best unbiased prediction of intermediate values (where no data are available) between neighboring known values [51] . This method results in a continuum of interpolated information conformed by predicted pixels. Due to its robustness, this method is widely used in several disciplines and is starting to become common in ecological studies [33, [52] [53] [54] . To generate interpolated information based on our butterfly surveys, we square root transformed the observed abundances per sampling site in order to comply with normality and skewness [55] . Subsequently, we generated a semivariogram using a square area that represents the same area of our circular surveys (4071.5 m 2 ; 36 m radius surveys) and taking into account 7-20 neighbors. The semivariogram was adjusted to the theoretical linear, exponential, circular, and spherical models. Both, the circular and the spherical models were those that best fit our data (Table 1) . Finally, we carried out the ordinary kriging procedure with the adjusted semivariograms (i.e., circular, spherical models) [50] . The results of this procedure allowed us to calculate the interpolated (predicted) total abundance of butterflies of the city in the surveyed space and time for both models. We used descriptive statistics to compare the observed and predicted values for both models to assess the reliability of our procedures. We also sought for possible correlations between the observed number of butterflies per sampling site and the difference between the observed and the predicted butterfly abundance value. 
